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@ Semiconductor da^ce and method of manufaobirtng the sama 



@ Accorcfing to this invention, there is provided to 
a semiconductor device comprising a semiconductor 
substrate (1) on which an element Is formed, an 
rnsulatlng interlayer (9, 10) fbnned on the semicon- 
ductor substrate (11). and a wiring layer (18) having 
a structure in which a surface of a copper layer (14) 



in a crystaJ state Is covered with a nitride of a metal 
not fomnlng an intemnetallic compound with copper 
and the metal and/or the metal nitride is present at 
grain bouidaries of the copper layer (14). 
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SEMICONDUCTOR DEVICE AND METHOD OF MANUFACTURING THE SAME 



The present Invention relates to a somroonduo- 
tor device and a method of manufacturing the 
same and, more particularty, to a ^miconductor 
device having an Improved wiring layer mainly 
made of copper and a method of manufacturing the 
same. 

In recent years, as a ^mtconductor device Is 
highly integrated, the and thickness of a wiring 
layer are decreased, and a muttnlayered structure 
has been developed. As a wiring material, an alu- 
minum alloy having a low specific resistance of 
2.76 uQcm and mainly made of corrosiorweslstant 
aluminum protected form corrosion by a passiva- 
tion film. However, in the wrrfng layer made of an 
aluminum alloy, since a cun^nt density is in- 
creased in accordance with a decrease In sectional 
area of the wiring, the wiring layer may be discon- 
nected due to electromlgration. In addition, in ac- 
cordance with an increase the number of wiring 
layers, complicated thenmal hysteresis is applied to 
the whfing iayera, and the wiring layers are disoon- 
neded by stress migration due to thenmal stress 
acting on tiie wiring layers. The above problems 
are caused by the following reason. Since the 
melting point of alumlnim is low, l.e., a tanpera- 
ture of 660*0, the diffielon of aluminum atoms, 
especially, atomic diffusion using a grain boundary 
as a path is accelerated even at a relatively low 
temperature. 

According to the above description, a wiring 
layer made of copper having a melting point higher 
than that of aluminum by 400* C or more has been 
studied. Using the wiring layer made of copper 
(pure copper), electromlgratiwi disconnection can 
be suppressed compared with an aluminum-silicon- 
copper (Al-SI-Cu) alloy. However. It is reported 
that the sennce life of the copper wiring layer is 
Improved by only several times or several tens of 
times compared with the aluminum alloy wiring 
layer. This service Rfe almost con^esponds to a 
service fife estimated by activation energy of grain 
boundaries diffusion of copper atoms. 

Generation of electromigration generally de- 
pends on the average crystal grain size and the 
width of a wiring layer, and the copper wiring layer 
is n(rt an exception. For example, a copper film 
having a thickness of about 1 urn formed by a 
conventional sputter film forming method has an 
average crystel grain size of about 1 am. In order 
to tonn a copper wiring layer having a so<:alled 
bamboo stmcture which has an electromigration 
resistance, tiie widtii of the wiring layer must be 
0.5 um or less. VWien the wrdtf) of tiie wiring layer 
is 0^ um or less to improve tiie electromigration 
resistance, a practical sectional area of ttie wiring 



layer Is decreed to increase its resistance. 
Therefore, signal transmission is delayed, and a 
high-speed operation is obstnicted. bi order to In- 
crease the sectional area of tiie wiring layer white 
5 keeping the wfdtfi of the wiring layer to be narrow, 
tfie thickness of tiie wiring layer Is increased. How- 
ever, when ttie ttiick wiring layer is fonned and 
covered wHh an insulating film, a capacitance b&* 
tween the adjacent wiring layers is increased to 
TO easily cause crosstalk, tiiereby obstaicflng a high- 
speed operation. 

In addition, although an oxide production free 
energy of copper is slightly decreased, not only the 
copper is easily oxidized, but a copper oxkJe film 
75 fomned on ti)e copper has a low density. For tills 
reason, when tfie copper wiring layer Is exposed In 
an oxygen atmosphere, even an Inner portion of 
tiie copper wiring layer Is oxidized. For example. In 
an ashing step of renwving a resist film, needle-like 
20 copper oxkie Is produced from ttie surface of ttie 
copper wiring layer, ttie shape of tiie wiring layer is 
degraded, and tiie resistance tiiereof is increased. 
In addition, in steps of depositing a passivation film 
and an Insulating Intoriayer on ttie copper wiring 
fls layer, an adhesion strengtfi between tiie wiring 
layer and the insulating fntertayer or a passivation 
film Is degraded due to ttie presence of tt» needle- 
like copper oxide to remove tiie films. 

K. Hoshino et al. read a metiiod of forming an 
30 improved copper wiring layer in the VMIC Con- 
ference, p22e to p232, June 12-3 1989. Acconfing 
- to tills mettiod. an oxide film having a tiitekness of 
about 0.4 um is formed on ttie surface of a silicon 
substrate, and a tungsten layer serving as an adhe- 
35 sion layer and a TIN layer serving as a banier layer 
are sequentially deposited on tiie oxide film. A Cu- 
Ti alloy ttiin film is deposited on ttie TIN layer by 
sputter eva^xjlaticn using a target made of copper 
and titanium. After the ttiin film Is patterned, tfie 
40 thin film is heat-treated in a nitrogen atmosphere. 
In tills heat treatment (nitriding) step, Tl contained 
In ttie Cu-Ti alloy tiiin film pattern Is diffused In tfie 
surface ttiereof, and the diffused Tl is nltrided to 
form a titanium nitride layer. As a result, the wiring 
4s layer, ttie peripheral surfoce of which Is covered 
wrtfi the titanium nitride layer having good oxWe 
reslstence and which is made of copper including 
almost no Tl, is tonned. 

However, In the above metiiod, as is apparent 
50 from Rg. 1 showing a relationship between a tem- 
perature of nitriding ttie Cu-Ti alloy tiiln film pattem 
and a spedfic resistance of ttie wring layer, In 
order to obtain a wiring layer having a speciflc 
resistance of 2.5 uQcm loss ttian ttie specific resis- 
tance (3 uOcm) of ttie At-Si-Cu altoy, heat treat- 
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ment must be performed at a temperature of 
800 *C. As is described in ttie above Dterature. 
when nitriding is performed at a temperature of 
less than 800*C, Ti Is not diffused from the Cu-TI 
alloy thin film, and not only a titanium nitrid layer is 
not formed on the surface of 4ie wiring layer but a 
wiring layer having a low specific resistance almost 
equal to the specific resistance of copper and 
contelning almost no Ti cannot be fooned. Since 
the above nitriding must be performed at a reia- 
tively hi0i temperature, an Impurity diffusion layer 
formed on the silicon substrate in advance is sub* 
Jected to diffusion again. TTierefore. shallowing of 
diffusion layer is obstructed, and the number of 
eiectricaliy activated carrier is decreased. 

it is an object of the present invention to pro- 
vide a semiconductor device including a wiring 
layer having a specific resistance low^ than the 
specific resistance (3 M-flcm) of an At-Si-Cu alloy. 

It is another object of the present invention to 
provide a high-speed semiconductor device mdud- 
ing a wiring layer having an excellent electromig- 
ration resistance even when the wiring layer is wide 
and has no bamboo structure in relation to an 
average grain size. 

It is still another object of the present invention 
to provide a semiconductor device Including a wir- 
ing layer which is excellent in oxidation resistance 
and adhesion and which can be prevented from 
peeling from a passivation film or an insulating 
(nterlayer upon fomiation of the passivation film or 
the insulating intertayer. 

it is saw another object of the present invention 
to provide a method of manufacturing a semicon- 
ductor device wherein the wiring layer can be 
fonmed at a low temperature. e.g.. 800* C or less. 

According to the present invention, there is 
provided to a semiconductor device comprising: 
a semiconductor substrate on which an element is 
formed: 

an insulating interlayer formed on the semiconduc- 
tor substrate; and 

a wiring layer formed on the insulating interlayer 
and having a structure In which a surface of a 
copper layer in a crystal state is covered with a 
nitride of a metal not forming an intermetallic com- 
pound with copper, and the metal and/or the metal 
nitride Is present at grain boundaries of the copper 
layer. 

According to the present Invention, there is 
provided to a method of manufacturing a semicon- 
ductor device, comprising the steps of: 
forming an element on a semiconductor substrate: 
depositing an insulating interlayer on the semicon- 
ductor substrate; 

sequentiaJly depositing a thin layer made of a met- 
al not forming an intenmetallic compound with cop- 
per and a copper layer on the insulating interlayer 



to form a staclced layer; 

patterning the stacked layen 

fonming a wiring layer having a structure In which 

the pattemed stacked layer Is heat-treated In a 

5 nitrogen atmosphere to diffuse a metal of the metal 
thin layer to a peripheral surface of a copper layer 
through the copper layer, the diffused metal Is 
nitrided to cover a surface of the cop|>er layer in a 
crystal state with a nitride of a metal not forming an 

10 intermetallic compound with copper, and the metal 
and/or the metal nitride is present at grain bound- 
aries of the copper iayer. 

This invention can be more fully understood 
from the following detadled description when talcen 

1$ In conjunction with the accompanying drawings, in 
which: 

Rg. 1 is a graph showing the relationship be- 
tween an annealing temperature of a Cu-Ti alloy 
thin layer pattern in a nitrogen atmosphere and 

so the specific resistance of the conventional wiring 
layer fonmed by thin nitriding; 
Figs. 2A to 2G are sectional views showing 
steps in manufacturing a semiconductor device 
according to Example 1; 

2S Rg. 3 is a sectional view showing the semicon- 
ductor device taten along a line 111 - III in Rg. 
2F:and 

Fig. 4 1$ a graph showing a relationship between 
an annealing temperature in a nitrogen atmo- 

30 sphere and a specific resistance of a wiring 
iayer according to Example 2. 
Accor(&nQ to the present Invention, tiiere !s 
provided to a semiconductor device comprising a 
semiconductor substrate on which an element is 

3$ formed, an insulating interlayer formed on the 
semiconductor substrate, a wiring layer fonned on 
the Insulating Interlayer and having a structure in 
which a copper layer surface in a crystal state is 
covered with a nitride of a metal not forming an 

40 intermetallic compound with copper and the metal 
and/or the metal nitride is present at grain bound- 
aries of the copper layer. 

As the semiconductor substrate, for example, a 
p-type silicon substrate, an n-type silicon substrate. 

45 and a slilcon substrate of one conductivity type 
(e.g.. p-type) on which n-lype and p-type regions 
are two-dimensionaliy fomned are used. As the 
semiconductor substrato, another semiconductor 
such as Ge, GaAs, inP, an SOS wafer obtained by 

60 forming a semiconductor layer on an insulating 
' substrate, or an SOI wafor obtained by sequentially 
forming an insulating layer and semiconductor lay- 
er on a silicon substrate may be used. 

As the Insulating interlayer. e.g., a CVD-Si02 

$9 single layer, or a two-layered film obtained by 
stacking glass film such as a phosphosUlcate glass 
(PSG) film, a borosilicate glass (BSG), or a 
boro^osphoailicate glass (BPSG) film on the CVD- 
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^Oa film can be used. Usrng ttia two-layered film 
88 the fnsulaang interlayer, the BPSG ftim or Ihe 
Olce on the upper surface is reflowad to prevent 
transfer of the step difference on the surface of Ihe 
tnsulaffng Intertayer to form an Insulating Intertayer 
having a flat surfece. 

As a metal nc^ fonfning an intormetaJDc com- 
pound with copper, at least any one metal Is se- 
lectBd from the gnot^) consisting of vanadium, 
niobium, tantalum, diromlum. molybdenum, and 
tungsten. 

The thickness of the wiring layer Is pr^mbly 
0.1 to 0.9 um because of the foiiowing reason. As 
a grani size of copper layer constituting the wiring 
layer becomes large, eleotromlgration resistance Is 
Improved. Therefore, when the thickness of the 
wiring layer Is less than 0.1 urn, the grain size Is 
limited by the thickness, and the electromlgration 
resistance may not be improved. Contrast to this, 
when the thickness of the wiring layer exceeds 0.9 
|jun, a capacitance between adjacent wiring layers 
is Increased to cause a signal transmi8sk)n delay 
due to crosstalk, ks a wiring layer lor an LSI, 
reliability is degraded. 

A thin layer made of a metal not forming an 
IntermetalGc compound with the copper can be 
formed between the insulating Intsriayer and the 
wiring layer. The metal thin layer effectively c^ntri- 
t^utes to improvement of adhesion strength of the 
wiring layer on the insulating intertayer. The metal 
tftin layer is preferably 30% or less of the thickness 
of the wiring layer, because of the following reason. 
Since the metal thin layer serves as a part of the 
wiring layer and as a resistance component, when 
the thickness exceeds 30% of the tiik^kness of the 
wiring layer, a total resistance including that of the 
wiring layer and a metal thin layer may be In- 
cressed. 

In addition, a method of manufacturing a semi- 
conductor device according to tt\e present invert 
tion comprises the steps of fbnming an element on 
a semiconductor substrate, depositing an insulafing 
intertayer on the semiconductor substrate, sequen- 
tially depositing a ttiin layer made of a metal not 
fonming intennetallk: compound with copper and a 
copper layer on the insulating intertayer to fomn a 
stacked l^er. patterning the stacked layer, fbnning 
a vrfnng layer having a structure in which the 
patterned stacked layer is heat-treated in a nitrogen 
atmosphere to diffuse -a metal of the mataJ thin 
layer to a peripheral surface of a copper layer 
through the copper layer, the cfiffused metal Is 
nitrided to cover a copper surface m a crystal state 
with a nitride of a metal not forming an intenmetalllc 
compound with oc^^, end the metal and/br the 
metal nitride is present at grain boundaries of the 
copper tayer. 

The average grain size of tiie copper layer Is 



desired to have a tiiickness of 0.3 um or more. The 
thickness of the copper layer is desired to tall 
within a range of 0.1 to 0.8 um such that a final 
winng layer has the above thickness. 

s The thickness of the metal thin layer (s de«*red 
to fall within a range of a thickness which can torm 
a monlayer of Ihe copper atom to 30% of the 
thickness of tiie copper layer. The metal thin layer 
may be entirely diffused tiirough tiie copper tayer 

10 in tiie above heat treatment In tiie nitrogen at- 
mosphere, or the metal tiiin layer may be partially 
diffused to leave part of tiie metal tiiin layer. 

As tiie nitrogen atmosphere, a gas containing 
at least nitrogen gas may be used. Especially, a 

f5 gas containing only nitrogen gas, a gas mixture of 
nitrogen and hydrogen gases, or a gas mixture of 
nitrogen and Inert gases is desirat^ly used. 

As the heat treatment in the nltrog^ atmo- 
sphere, for example, a heat treatment in a furnace 

20 filled witii nitrogen gas or plasma nitriding can be 
used. 

Acconjing to tiie heat treatment in tiie nitrogen 
atmosphere, a metal of tiie metal ttiln layer must 
be diffused on a pertpiieral surface of tiie copper 

25 layer tiirough tiie copper layer, and tiie metal dif- 
fused in tiie suriiace must be set at a nitriding 
temperature, in practice, whan a niobium tiiiri layer 
is used, a heat treatment is desired to be per- 
tonmed at a temperature falling wrtiiln a range of 

so 600 to 800* C; a chromium tiiin layer, a tempera- 
ture of 600 to 800 "C; a vanadium thin layer, a 
temperatore of 500 to 800* C; a tantalum tiiin layer, 
a temperature of 550 to 800* C; a molybdenum tiiin 
layer, a temperatore of 700 to 800* C; and tungsten 

36 thin layer, a temperature of 700 to 800 *C. Note 
that, when plasma nitriding is employed as a heat 
treatment in tiie nitrogen atmosphera, the heat 
treatment can be. perfbmned at a temperatore lower 
than the above temperatores. 

40 According to tiie heat treatment in tiie nitrogw 
atmosphere, the grain size of the copper layer can 
be controlled. F6r example, when a heating rate Is 
increased, ttie grain size of the copper layer Is 
increased compared witii not only a grain size 

45 during deposition but afso tiie grain size in the heat 
treatoient at a bwer rate of elevating temperatore. 
As a means for controlling tfie grain size of the 
copper layer, a heat treatment is performed in an 
Inert atmosphere prior to tiie heat treatment In tiie 

60 nitrogen atmosphere. As a gas containing an Inert 
gas, a gas containing only an Inert gas such as 
argon or heSum gas or a gas mbrture of the inert 
gases and hyda)gen gas is used. As tiie heat 
treatment for example, rapid annealing using heat 

56 from an infrared lamp can be employed. Espe- 
dally, when tiie rapkJ annealing Is employed, tiie 
grain size of the copper layer can be furtiier in- 
creased compared witii tiie metitod of oonlrolGng a 

4 
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rate of an increase In temperature. 

Acoordung to the present invention described 
above, since a wiring layer has a structure in which 
an insulating interlayer of a semiconductor sub- 
strate is covered with a nitride of a metal not 
fbrming an intermetailic compound with copper on 
a copper layer surface In a crystal state and the 
metal and/or the metai nitride is present at the 
grain boundaries of the copper layer, oxidation of 
the wiring layer Is prevented by the metal nitride 
covering the wiring layer to obtain an original low 
specific resistance of copper, and a high adhesion 
strength between the wiring layer and the Insulating 
interfayer or passivation film deposited on the wir- 
ing layer. In addition, even when the wiring layer is 
wide not to have a bamboo structure In relation to 
an average crystal grain size, electromigratlon re- 
sistance can be improved by the nitride which is 
present at the grain boundaries of copper layer. 
For this reason, the wiring layer can be fonmed to 
be wide, and a signal propagation speed can be 
Increased by the reduction in the above specific 
resistance. In Edition, when a nnetai thin layer 
made of a metal not forming intenmetalilc com- 
pound with copper Is formed between the insulat- 
ing Interlayer and the wiring layer, the adhesion 
strength of the wiring layer on the Insulating inter- 
layer can be Improved. 

Therefore! a highly reliable high-speed semi- 
conductor device having a wiring layer in which 
drsconnectfori Is suppressed and which has a hl^ 
adhesion strength witii an Insulating Interlayer or a 
passivation film and an extremely low specific re- 
sistance can be obtained. 

According to the method of the present Inven- 
tion, a thin layer made of a metal not fomttng an 
Intermetailic compound with copper and a copper 
layer are sequentially deposited on an insulating 
interiayer of a semiconductor substrate, and tiie 
staclced layer Is patterned and tiien heat-treated In 
a nitrogen atmosphere. In the heat treatment, a 
metal is diffused on a peripheral surface of the 
copper layer from the metal thin film tiirough tiie 
copper layer thereabove, and the diffused metal Is 
nitrided to cover the copper layer. This nitride is 
also formed at grain boundaries of the copper 
layer. As a result, a wiring layer having a structure 
in which the copper layer surface in a crystal stale 
is covered wltii a nitride of a metal not fonming an 
intermetailic compound with copper and tiie metai 
and/or the metal nitride is present at tiie grain 
boundaries of tiie copper layer can be formed on 
the Insulating interiayer. Since the heat treatment 
can be performed at a temperature wtttiin a range 
suffidentiy lower tiian 800* C (e.g.. 450 to 600* C), 
the above electromigratlon can be suppressed 
such ttiat an impurity diffusion layer formed on tiie 
semiconductor 8ut)3trate in advance Is not cfifhjsed 



deeper ag^n. Therefore, a highly reliable high- 
speed semiconductor device having a low specific 
resistance wiring layer and suitable for shallowing 
diffusion layer can be easily manufactured. 

6 Upon a heat treatment In a nitrogen atmo- 
sphere, a heating rate Is increased, or a heal 
treatment Is performed in an inert atmosphere prior 
to tiie above heat treatment to Increase tiie grain 
size of tiie copper film. Therefore, a wiring layer 

10 having furtiier lower resistivity and fur^er improved 
electromlgration resistance can be formed on the 
Insulating Interiayer. 

The present Invention will be described below 
by way of its examples witii reference to tiie ac- 

7a companying drawings. 



Example 1 

20 As shown In Rg. 2A, a p-type silicon substrate 

1 was selectively oxidized to form a fl^ oxide film 

2 having a ttiidtness of. e.g., 0.6 am. Thermal 
oxidation was performed to form a thermal oxide 
film on the surface of tiie island-like silicon sub- 

25 strate 1 Isolated by tiie field oxide film 2. Alter an 
arsertic-doped polyslllcon film having a thickness of 
0.2 urn was deposited, the silicon film and tiienmal 
oxide film were patterned to fbrm a gate oxide film 

3 and a gate electrode 4 on tine surface of the 
30 substrate 1. After an SIO2 film having a ttiickness 

of about 0.25 urn was deposited on the entire 
surface of tiie substrate by a CVD mettiod, reactive 
ion etohing was perfbmned to leave an SIO? film S 
on tiie peripheral side surface of the gato oxide 

$5 film 3 and tiie gate electrode 4 In a side-wall-like 
shs^. Thereafter, an n^pe impurity (e.g.. arsenic) 
was ion-implanted In the silicon substi'ate using the 
field oxide film 2. tiie gate electrode 4. and the 
SiOa film 5 as masks, and activation was per- 

40 formed to form n*-type source and drain regions 6 
and 7 each having a Junction deptii of, e.g., 0.16 
um. 

After a titanium ttiln layer having a thickness of 
0.08 um was deposited on the entins surfece of tiie 

45 substrate by sputtering, as shown in Fig. 2B. a 
titanium thin layer contacting the source region 6. a 
drain re^on 7. and tiie gato electrode 4 of the 
silicon substrate was exposed by performing a heat 
treatment at a temperature of 750* C tor 30 min- 

50 utes, in a nitrogen atomosphere was silictdlzed to 
torm a titanium sfllckile layer 8 as a buffer layer, 
and tiie titanium thin layers on tiie field oxide film 2 
and the SIO2 film 5 were removed. Thereafter, 
annealing was pertonned In a nitrogen atmosphere 

55 at a temperature of 900* C for 20 minutes. Note 
ttiai a nickel thin layer may be deposited in place 
of the titanium tiiin layer, and a nickel siiicide layer 
may be formed on tiie surfaces of the source 
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region 6, the drain region 7, and the gate electrode 
4 esq^osed by applying the same heat treatment as 
described atx)ve. 

As shown in Fig. 2C, after an SiOs film 9 
having a thickness of 0.3 urn and a BPSG fiim 10 
having a thickness of 0.7 um sen/ing as Insulating 
Interlayers were sequentlaJly deposited on the ert- 
tire surface of the sut)strdte by a CVD method, a 
heat treatment was performed to refiow the BPSG 
film 10. thereby flattening the surface of the film 
10. The SiOa film 9 and the BPSG film 10 respec- 
tively conresponding to a part of the source region 
6 and a part of the drain region 7 were selectively 
removed by etching to form square contact holes 
11 each having a side of 0.5 jxm, and then tung- 
sten was selectively deposited in the contact holes 
11 to bury tungsten plugs 12 in the contact holes 
11. 

The silicon sut)stratB was set in a chamber of a 
magnetite sputtering apparatus, and after the 
dhamb&r was evacuated to have a pressure of 2JQ 
X 10"^ Pa or lesSi an argon gas was supplied to 
the chamber at a flow rate of 40 cm^/min. At this 
time, the pressure in the chamber was kept to be 
3,7 X 10'^ Pa. While the silicon substrate was 
rotating, a chromium (Cr) target was sputtered by 
an argon plasma to deposit a chromium thin layer 
13 having a thickness of 0.O5 um on the BPSG film 
10, as shown in Rg. 2D. In m argon plasma 
atmosphere generated with an appOed voltage of 
600 V and a target cunrent of 5A. while the ^ilcon 
substrate was rotated, copper (Cu) target was sput- 
tered to deposit a copper layer 14 having a thick- 
ness of 0.4 um on the chromium thin layer 13. The 
deposited copper layer 14 consisted of grains hav- 
ing an average grain size of 0.2 um. The sheet 
resistance of the stacked layer constituted by the 
chromhjm thin layer 13 and the copper layer 14 
was 55 mo/d. Thereafter, the stacked layer w^ 
patterned using a reactive ion etching method to 
form a chromium-copper stacked layer pattern 15 
on the BPSG film 10 Inducting the tungsten plugs 
12, as shown In Rg. 2E. 

After the silicon substrate 1 on which the 
stacked layer pattern 15 was formed was set in an 
infrared Image furnace, the furnace was evacuated 
to a pressure of 1.3 x 10"* Pa A gas mixture of 
hydrogen and nitrogen gases (a volume rafto of Hz 
: N2 = 10 : 90) was supplied in the fumace at a 
pressure of 1 atm. and a rate of 3,000 cm%)ln. 
The fumace was heated to 650" C at a heating rate 
SO^'CAnin, and the temperature was kept for 30 
minutes. Thereafter, the furnace was cooled at a 
cooling rate of 50*C/mtn. The grain size of ttie 
copper layer 14 was increased to 0.7 um by a heat 
treatment in a nitrogen atmosphere. Chromium of 
the chromium thin layer 13 was diffused to the 
periphmai surface of the copper layer 14 through 



crystal grain boundaries of the copper layer 14. 
and the diffused chromium was nitrided to form a 
chromium nitride (CraN or CrN) layer. At tiie same 
time, the chromium diffu^ng thmugh grain bound- 

5 aries of tt^ copper lay^ 14 was nitrided. As a 
result as shown in Rgs. 2F and 3, a wiring layer 
18 constituted by the copper layer 14 was fbrmed 
on the remaining chromium thin layer 13. The 
peripheral surface of the layer 1 4 was covered with 

70 a chromium nitride layer 16 having a thickness of 
0.03 um, and the layer 14 contain chromium nitride 
17 at tiie grain kxtundaries, the grains having a 
diameter of 0.7 um. Thereafter, as shown in i=]g. 
2G, a passivation film 19 made of pla^na CVD- 

75 SiOa having a thickness of 1.8 um was deposited 
on the resultant structure, thereby martufacturing a 
MOS semiconductor device. 

Since the surfece of the wiring layer 18 of a 
semiconductor device manufactured by the above 

20 method was covered with the chromium nitride 
layer 16. the surface of the wiring layer 18 was 
prevented from oxidation in a step of depositing the 
passh^on film 19, and the passivation film 19 
tightly contacted on the wiring layer 18. In addition. 

26 since the chromium Uiin layer 13 was left under the 
wiring layer 18, ttie wiring layer 18 tightly con- 
tacted on the BPSG film 10 senring as an insulat- 
ing interiayer. 

An acceleration test for supplying a cumerit of 

30 1 X 10^ A/cm^ to the wiring layer 18 was per- 
fomned to the manufactured s^iconductor device 
at a temperature of 250*0. and a disconnection 
time of the wiring layer 18 due to electromlgratk)n 
was measured. As a result after about 100 hours 

96 from when the acceleratk>n test was started, dis- 
' connections were detected In 50% of Ihe wiring 
layer 18. Therefore, it was confirmed tfiat the semi- 
conductor device had excellent eiectromigration re- 
sistance. Note that, when the ssme acceleration 

40 test as described above was perfonmed to a wiring 
layer made of pure copper and having the same 
size' as in Example 1. after about 10 hours from 
when the acceleration test was started, disconnec- 
tions were detected in 50% of the wiring layer. As 

45 described above, the wiring layer 18 formed in 
Example 1 had an excellent eiectromigration resis- 
tance, iDecause grain size of copper layer was 
increased to 0,7 um and chromium nitride was 
present at boundaries of crystal grains. 

50 Wh&r\ the total resistance of the remaining 
chromium thin layer 13 and the wiring layer 18 was 
measured, the resistance was 48 mO/a. n was 
confimned that the resistance could tie reduced 
compared with the resistance (55 mum) of the 

55 stacked layer pattern 15 which was not heat-treat- 
ed. That is, when the resistance was converted into 
a specific resistance, the spedfic resistance couM 
be reduced from 22. uQcm to 1.9 uQcm. 
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EKsmple 2 

The heat treatment perfbnnned at temperatures 
of 450* C. 550' C, and 750* C In place of at a 
temperature of 650" C In Example 1, and the total 
specMc resistance of the chromium thin layer and 
the wiring layer was measured at the above tem- 
perature conditions. A result shown in Rg. 4 could 
be obtained. 

As shown In Fig. 4, It Is known that a low 
specific resistance of the wiring layer can be ob- 
tained at a temperature sufficiently lower than a 
temperature for decreasing the number of elec- 
trically activaled canrier of source and drain regions 
6 and 7 formed on a ^ficon substrate 1 In advance. 



Example 3 

Following the same procedures as in Emnple 
1, a gate oxide film, a gate electrode, an n*-type 
source region, a drain region, and a titanium sili- 
cide layer were formed on a p-type silicon sub- 
strate, and Sr02 and BPSG films serving as an 
Insulating Interlayer are deposited. In addKon. a 
contact hole was formed, and a tungsten plug was 
buried In the contact hole. A chromium layer hav- 
ing a thickness of 0.05 um and a copper layer 
having a thickness of 0.4 urn were deposited on 
the BPSG film by sputtering, and a stadced layer 
constituted by the copper layer and the chromium 
thin layer was patterned to form a chromium-cop- 
per stacked layer pattern. 

After the silicon substrate on which the stacked 
layer pattern was formed was set In a resistive 
heating furnace for performing a plasma treatment 
the furnace was evacuated to a pressure of 1,3 x 
10~* Pa. After a gas mixture of hydrogen and 
nitrogen (a volume ratto of H2 : Na - 10 : 00) was 
supplied in the furnace at a pressure of 330 Pa and 
a flow rate of 500 cm^/mln, the temperature of the 
furnace was increa^ to be 550*0 at a heating 
rate of 50*C/mln. At the same time, a 13.56-MHz 
high-frequency power of 800 W was applied to 
electrodes arranged on both sides of the silicon 
sut}strate in the heating furnace to generate a nitro- 
gen plasma by RF dlsdiarge. and the siOcon sub- 
strate was held in a nitrogen plasma atmosphere at 
a temperature of 550* C for 45 minutes. Thereafter, 
the RF discharge was stopped, and the siOcon 
substrate was cooled at a cooling rate of 50* C/min. 

With the above heat treatment, as In Example 
1, a wiring layer constituted by a copper layer was 
formed on the remaining chromium thin layer. The 
preferal surtoe of the copper layer was covered 
with a chromium nitride layer having a thickness of 
0.03 um. and the copper layer contained chromium 
and/br chromium nitride at the grain boundaries, 



the crystal grains having a diameter of 0.7 um. 
When the resistance of the wiring layer including 
the chromium thin layer) was measured, the resis- 
tance was AS QmAi. it was confirmed that tfie 

5 resistance could be largely reduced compared with 
the resistance (55 mfl/o) of the stacked layer pat- 
tern which was not heat-treated. That ls» when the 
resistance was converted into a specific resistance, 
the specific resistance was ^reduced to be 1.8 

10 iiQcm compared with the spedfic resistance of 2.2 
uQcm before the heat treatment* 



Example 4 

15 

Folk>wlng the same procedures as Example 1. 
a gate oxide film, a gate electrode, an n'^-type 
source region, a drain region, a titanium silicide 
layer were formed on a p-type silicon substrate. 

20 and SIQ2 and BPSG films serving as an Insulating 
Interlayer were deposited on the resultant structure, 
(n addition, a contact hole was formed in the resul- 
tant structure, and a tungsten plug was buried in 
the contact hole. A chromium thin layer having a 

25 thickness of 0.05 am and a copper layer having a 
thickness of 0.4 iim were diposlted on the BPSG 
film by sputtering, and a stacked layer constituted 
by the copper and the chromium thin layer was 
patterned to form a chromium-copper stacked layer 

30 pattern. 

After the silicon substrate on which the slacked 
layer pattern was formed was set in an Infrared 
lamp heating furnace for performing a plasma treat- 
ment, the furnace was evacuated at a pressure of 

3B 1.3 x 10~^ Pa. After a gas mixture of hydrogen 
and argon (a volume ratio of Ha : Ar = 10 : 90) 
was supplied in the furnace at a pressure of 1 atm. 
and a flow rote of 10 cm^/min, the temperature of 
the furnace was Increased to 700* C at a heating 

40 rate of 100* C/sec by lamp heating, and this tem- 
perature was kept for 16 minutes. Thereafter, the 
temperature was decreased to 550* C at a cooling 
rate of 100* C/sec. At the same time, an average 
grain size was increased from 0.2 um to 1.5 um. 

46 The gas In the heating fumace was exhausted, 
and the pressure of the furnace was set to be 1.3 
X 10"^ Pa. Thereafter, while a gas mixture of 
hydrogen and nitrogen (a volume ratio of H2 : N2 
= 10 : 90) was supplied In the fumace at a flow 

50 rate of 500 cmVmin and at a pressure of 1 atm, a 
13.56-MHz Ngh-frequency power of aOO W was 
applied to electrodes anranged on both sides of the 
silicon substrate to generate a nitrogen plasma by 
RF discharge, and the silicon substrate was held in 

56 a nitrogen plasma atmosphere at a temperature of 
550 'C for 45 minutes. Thereafter, the RF dis- 
charge was stopped, and the siUcon substrate was 
cooled at a cooling rate of 50* C/mtn. 
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With the above two-step heat treatment, a wir- 
ing layer constttuted by the copper layer was 
formed on the remaining chromium thin layer. The 
perfpheral surface of the copper layer was covered 
with a chromium nitride layer having a thickness of s 
0.03 *im, and the copper layer contained dvommm 
andft)r chromium nitride at the grain twundaries, 
the grains having a diameter of 1.5 urn. When the 
resistance of the wiring layer (Including a remaining 
chromium thin layer) was measured, the resistance ro 
was 45 mO/D. It was oonfinnfied that the resistance 
of the wiring layer could be largely reduced com- 
pared with the resistance (55 mO/a) of the stacked 
layer pattern which was not thermally treated. That 
is, when the rssistance was converted into a spe- ib 
dfic resistance, the specific resistance coukJ be 
reduced from 22 uQcm to 1^ UQcm. In addition, 
since an average grain size of copper of the wiring 
layer was Increased Id be 1.5 urn, eleclromigration 
resistance was further improved to obtain the high- 2fl 
ly reliable wiring layer. 



Exempis 5 

25 

Following the same procedures as Example 1, 
a gate oxide film, a gate electrode, an n -type 
sGiffce region, a drain region, a titanium silidde 
layer were formed on a p-type silicon substrate, 
and Si02 and 8PS6 films serving as an insulating so 
Interiayer were deposited on fre resultant structure, 
in addition, a contact hole was formed in the resul- 
tant structure, and a tungsten plug was buried in 
the contact hole. The silicon substrate was set In a 
chamber of a magnetron sputtering apparatus, and 35 
the chamber was evacuated to have a pressure of 
2-0 X 10"5 Pa. An argon gas was supplied to the 
chamber at a rate of 40 cm^/min. At this time, the 
chamber was kept at a pressure of 3.7 x 10-^ Pa. 
While the silicon substrate was rotated, a niobium 40 
(Nb) target was sputtered to the substrate to de- 
posit a nkTblum thin layer having a ttifckness of 
OJOS urn on the BPSG film by an argon plasma. 
Subsequently, while the sliicon substrate was con- 
tinuously rotated, a copper (Cu) target was sput- 45 
tared in the same condition as in Example 1 to 
deposit a copper layer having a thidcness of 0.4 
Um on the niobium thin layer. The deposited cop- 
per layer consisted of grains having an average 
grain size of 02 um. The re^stance of the niobium 50 
and copper stacked layer was* 55 mo/o. Thereafter, 
the stacked layer constituted by the copper layer 
and the ntoblum thin layer was patterned to form a 
niobium-copper stacked layer pattern having a 
width <rf 0.7 um. ^ 

After the silicon substrate on which the stacked 
layer pattem was formed was set In an infrared 
image funnaoe, the furnace was evacuated to a 



pressure of 1.3 x 10"* Pa. A g» mixture of 
hydrogen and nitrogen gases (a volume ratkj of H2 
: N2 = 10 : 90) was supplied In the furnace at a 
pressure of 1 atm, and a rate of 3.000 cm^Miln. 
The furnace was heated to have a temperature of 
850*0 at a heating rate of 50*CAnin. and the 
temperature was kept for 30 minutes. Thereafter, 
the fun^ace was cooled at a coding rate of 
50' C/min. The grain size of the copper layer was 
Increased to 0.7 um by a heat treatment In a 
nitrogen atmosphere. Niotrfum of the niobium thin 
layer was diffused to tiie peripheral surface of tiie 
copper layer through crystal grain boundaries of 
the copper layer, and the diffused niobium was 
nitrided to form a niobium nitride {Nb2N or NbN) 
layer. At the same time, the niobium diffusing 
through grain boundaries of the copper layer was 
nitrided. As a result a wiring layer constituted by 
the copper layer was formed on the remaining 
niobium thin layer. The peripheral surface of the 
copper layer was covered with a niobium nitride 
layer having a thickness of 0.03 um, and the cop- 
per film contained niobium and/or niobium nitride at 
tfie grain boundaries, the grains having a diameter 
of 0.7 um. Thereafter, as in Example 1, a pas- 
sivation film made of plasma CVD-SIQ2 and having 
a thickness of 1,8 um was deposited on the resul- 
tant structure, ttiereby manufacturing a MOS semi- 
conductor device. 

Since the surface of the wiring layer of a semi- 
conductor device manufactured by tfie above 
method was covered with tfw niobium nitride layer, 
the surface of the wiring layer was prevented from 
oxidation In a step of depositing the passivation 
film, and the passivation film tightly contacted with 
the wiring layer. In addition, since the niobium tfiin 
layer was left under tiie wiring layer, the wiring 
layer tightly contacted witti tiie BPSQ film serving 
as an insulating interiayer. 

The same acceleration test as in Example 1 
was perfonmed to ttie wiring layer of the manufac- 
tured semiconductor device, and a disconnection 
time of the wiring layer due to electromigration was 
measured. As a result after about 100 hours from 
when tiie acceleratkm test was started, disconnec- 
tions were detected In 50% of ttie wiring layer 18. 
Therefore, it was confinned that ttw semiconductor 
device had an excellent electromigration resis- 
tance. 

When ttie total resistance of tiie remaining 
niobium thin layer and tiie wiring layer was mea- 
sured, the resistance was 48 mQ/o, it was con- 
flmned ttiat the resistance could be reduced com- 
pared witii tiie resistance (55 mQ/a) of the stacked 
layer pattem 15 which was not heat-treated. That 
is, when tiie resistance was converted into a spe- 
cific resistance, tiie specific resistance could be 
reduced from 22 Qucm to 1.9 Oucm. 
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KotB that the above embodiment exemplifies 
the manufactiAfe of a M08 semfconductor device. 
However, this embodiment can be appBed to a 
bipolar semiconductor device. 

As described above, according to the present 
invention, there is provided a highly reliable high- 
speed semiconductor device including a wiring lay-* 
er having a specific resistance lower than the spe- 
dfic resistance (3 uflcm) of an At-SI-Cu alloy and 
in which electromigration resistance is improved, 
oxidation resistance is excellent, and an adhesion 
strength with an insulating Interlayer or a pae- 
avation film is improved. According to the present 
invention, a heal treatment in a nitrogen atmo- 
sphere for forming the wiring layer can be per- 
formed at a temperature suffidentty lower than 
800* C at which an impurity diffusion layer formed 
on a semiconductor substrate in advance may be 
diffused deeper again, thereby providing a metfiod 
of easily manuf^ring a highly reflable high-speed 
semiconductor device suitabte for shallowing. 



Claims 

1. A semiconductor device comprising: 

a semiconductor substrate (1) on which an element 
isfbrmed: 

an insulating interlayer <9, 10) fomned on ttio semi- 
conductor substrate (1); and 
a wiring layer (18) formed on the insulating inter- 
layer (10) and having a structure In which a surface 
of a copper layer (14) in a crystal state is covered 
with a nitride of a meted not fonning an intermetalllc 
compound with copper and the metal and/or the 
metal nitride is present at grain boundaries of the 
copper layer (14). 

2. The device according to claim 1, characterized 
in that the metal not fonning the intennnetBlIic com- 
pound with copper is at least any one metal se- 
lected from the group consisting of vanadium, 
niobium, tantalum, chromium, molybdenum, and 
tungsten. 

3. The device accorcGng to claim 1. characterized 
In that a wiring layer (18) fails within a range of 0.1 
to 0.9 um. 

4. The device according to dalm 1. characterized 
in that a ttiln layer (13) made of the metal not 
forming the Intermetaliic compound with copper is 
fonmed between the insulating Interiayer (10) and 
the wiring layer (18). 

5. The device according to claim 4, characterized 
in that the thin layer (13) is made of at least any 
one metal selected from the group consisting of 
vanadium, nidblum, tantalum, chromium, molybde- 
num, and tungsten. 

6. The device according to claim 1. characterized 
In that the thin layer (13) has a 30% thickness of 



the wiring layer (18), 

7. A method for manufacturing a semiconductor 
device, comprising the steps of: 

forming an element on a semiconductor substrate 
6 (1): 

depositing an insutating Interlayer (8, 10) on the 
semiconductor substrate (1); 
sequentially depositing a thin layer (13) made of a 
metal not forming an IntermMllic compound with 

to copper and a copper layer (14) on tiie insulating 
interlayer (10) to form a stactced layer: 
patterning the stacked layer, and 
fonning a wiring layer (18) having a structure in 
whteh the patterned stacked layer is heat-treated in 

rs a nitrogen atmosphere to diffuse a metal of the 
metal thin layer (13) to a peripheral surface of a 
copper layer (14) through the copper layer (14), the 
diffused metal is nitrided to cover a surface of the 
copper layer (14) in a crystal state with a nitride of 

20 a metal not forming an intermetaliic compound with 
copper, and the metal and/or the metal nitride is 
present at grain boundaries of the copper film (14). 

8. The method according to claim 7, characterized 
in that the metal thin layer (13) is made of at least 

25 any one metal selected from a group consisting of 
vanadium, niobium, tantalum, chromium, molybde- 
num, and tungsten. 

9. The method aoconjing to claim 7, characterized 
in that after the metal is diffused in the copper 

30 layer (14) from the metal Ihin layer (13) In the heat 
treatment the metal thin layer (13) is left under the 
wiring layer (18). 

10. The method according to dalm 8. characterized 
in that the metal thin layer (13) is made of chro- 

96 mium, and the heat treatment is performed at a 
temperature of 600 to 800* C. 

1 1 . The method aoMnding to clam 8, characterized 
In that the metal thin layer (13) is made of niobium, 
and the heat treatment is performed at a tempera- 

40 ture of BOO to800*C. 

12. The method according to claim 7, characterized 
in that the heat treatment in the nitrogen atmo- 
sphere Is pi^ma nitriding. 

13. The method according to claim 7. characterized 
45 in that before the heat treatment in tiie nrtrc^en 

atmosphere is performed, a heat treatment is per- 
fonned in an Inert gas. 
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